Direct bacterial conversion of the hemicellulose fraction of hardwoods and crop residues to biobased products depends upon extracellular depolymerization of methylglucuronoxylan (MeGAX n ), followed by assimilation and intracellular conversion of aldouronates and xylooligosaccharides to fermentable xylose. Paenibacillus sp. strain JDR-2, an aggressively xylanolytic bacterium, secretes a multimodular cell-associated GH10 endoxylanase (XynA1) that catalyzes depolymerization of MeGAX n and rapidly assimilates the principal products, ␤-1,4-xylobiose, ␤-1,4-xylotriose, and MeGAX 3 , the aldotetrauronate 4-O-methylglucuronosyl-␣-1,2-xylotriose. Genomic libraries derived from this bacterium have now allowed cloning and sequencing of a unique aldouronate utilization gene cluster comprised of genes encoding signal transduction regulatory proteins, ABC transporter proteins, and the enzymes AguA (GH67 ␣-glucuronidase), XynA2 (GH10 endoxylanase), and XynB (GH43 ␤-xylosidase/␣-arabinofuranosidase). Expression of these genes, as well as xynA1 encoding the secreted GH10 endoxylanase, is induced by growth on MeGAX n and repressed by glucose. Sequences in the yesN, lplA, and xynA2 genes within the cluster and in the distal xynA1 gene show significant similarity to catabolite responsive element (cre) defined in Bacillus subtilis for recognition of the catabolite control protein (CcpA) and consequential repression of catabolic regulons. The aldouronate utilization gene cluster in Paenibacillus sp. strain JDR-2 operates as a regulon, coregulated with the expression of xynA1, conferring the ability for efficient assimilation and catabolism of the aldouronate product generated by a multimodular cell surface-anchored GH10 endoxylanase. This cluster offers a desirable metabolic potential for bacterial conversion of hemicellulose fractions of hardwood and crop residues to biobased products.
Structural polysaccharides comprise up to 90% of plant cell walls, and include cellulose and hemicellulose fractions as prominent resources renewable through photosynthesis. The hemicellulose fractions constitute from 22 to 30% of the dry weight of lignocellulosic biomass derived from wood and agricultural residues (12) . The quest for alternatives to petroleum has led to the search for and discovery of microorganisms that can serve as biocatalysts for the production of fuels and chemical feedstocks from renewable resources. The major hemicellulose polymer in hardwoods and crop residues is methylglucuronoxylan (MeGAX n ), a linear chain of ␤-1,4-linked D-xylopyranose residues regularly substituted with ␣-1,2-linked 4-O-methyl-D-glucuronopyranosyl residues. Variable substitutions on xylose residues may include 2Ј-and 3Ј-O-acetyl esters, as well as ␣-1,2-or ␣-1,3-linked L-arabinofuranosyl residues (24) . Additional substituents may include O-feruloyl and O-pcoumaroyl esters linked to hydroxyl groups on the arabinofuranosyl residues.
Both yeast and bacteria have been developed for the bioconversion of glucose derived from the cellulose fraction, and bacteria have been developed for the bioconversion of pentoses, principally xylose, from the hemicellulose fraction (9, 11, 12) . Pretreatment has relied on a combination of chemical and enzymatic hydrolytic procedures to solubilize the hemicellulose fraction and release fermentable xylose and to depolymerize the cellulose to fermentable glucose. Pretreatment protocols are still being developed to provide cost-effective production of ethanol and other biobased products from these resources (13) . The use of xylanolytic systems to enhance the extracellular depolymerization of methylglucuronoxylan and to efficiently assimilate and metabolize the products of depolymerization has become a promising route to more complete conversion of cellulosic biomass to alternative fuels and chemicals.
The natural processing of methylglucuronoxylans is catalyzed by the combined action of endoxylanases, ␣-glucuronidases, arabinosidases, and esterases (7, 18, 24) . Xylanolytic bacteria secrete endoxylanases of the glycohydrolase families GH5, GH10, and GH11 that catalyze the depolymerization of the xylan backbone with the generation of different products (4, 18) . The GH10 endoxylanases generate xylobiose, xylotriose, and the aldotetrauronate, methylglucuronoxylotriose (MeGAX 3 ), in which ␤-1,4-linked D-xylotriose is substituted at the nonreducing terminus with ␣-1,2-linked 4-O-methyl-D-glucuronate. Bacteria that secrete a GH10 endoxylanase may assimilate and metabolize all of the products derived from the depolymerization of MeGAX n . The utilization of the aldouronate requires the expression of genes encoding transporters, ␣-glucuronidase, and enzymes that convert xylooligosaccharides to xylose and have been found in several gram-positive bacteria (16, 21, 22, 25) .
We previously reported on the isolation and characterization of an aggressively xylanolytic gram-positive endosporeforming bacterium, Paenibacillus sp. strain JDR-2, which secretes a multimodular cell-anchored GH10 endoxylanase (23) . The rapid and complete utilization of MeGAX n without accu-mulation of the aldotetrauronate, methylglucuronoxylotriose (MeGAX 3 ), in the medium implicated an efficient system for assimilation and complete metabolism of aldouronates. A structural gene, aguA, has been cloned from genomic DNA of Paenibacillus sp. strain JDR-2 and expressed in Escherichia coli with the formation of a recombinant GH67 ␣-glucuronidase (AguA) that catalyzes the conversion of MeGAX 3 to methylglucuronate and xylotriose . This gene is followed by xynA2, encoding an intracellular GH10 endoxylanase catalytic domain (XynA2) that processes the xylotriose product generated by the action of AguA on MeGAX 3 (17) . Here we report the identification of an aldouronate-utilization regulon of Paenibacillus sp. strain JDR-2 that includes genes for the extracellular depolymerization of methylglucuronoxylans, the assimilation of aldouronate products, and the intracellular release of monosaccharides. This coordinately regulated process in which xylan depolymerization and product assimilation are coupled in Paenibacillus sp. strain JDR-2 provides a favorable system for the conversion of lignocellulosic biomass to biobased products.
MATERIALS AND METHODS
Preparation of a cosmid library of Paenibacillus sp. strain JDR-2. Culture media (50 ml) were inoculated with 1/250 volume of a starter culture of Paenibacillus sp. strain JDR-2 (23). The culture was grown at 30°C with vigorous shaking. After they reached mid-log phase (i.e., an optical density at 600 nm [OD 600 ] of 0.7 ϫ 10 9 cells/ml), the cells were collected by centrifugation, resuspended in buffer A (50 mM Tris-HCl [pH 8.0], 1.0 M NaCl), pelleted by centrifugation, and resuspended in buffer A again at 4 ϫ 10 9 cells/ml. An equal volume of 2% low-melting-point agarose was added to the cell suspension, and the cell-agarose mix was poured into 800-l plug molds. Plugs were further processed as described previously (1) .
Partial digestion of genomic DNA. To determine the optimal amount of enzyme to use for digestion, 360 mg of plugs was equilibrated two times in 50 ml of TBE (90 mM Tris-borate, 2 mM EDTA [pH 8.0]) for 15 min, rinsed with 15 ml of 0.1% Triton X-100, chopped into a slurry and distributed into six 1.5-ml centrifuge tubes. A brief centrifugation (12,000g, 30 s) packed the agarose slurry and the supernatants were removed by aspiration. To each tube containing approximately 60 l of packed plugs were added 10 l of 40 mM spermidine, 10 l of 10ϫ HindIII reaction buffer, and 1 l of bovine serum albumin (10 mg/ml). Water was added to adjust the final volume to 100 l. The mixtures were equilibrated on ice for 30 min, and various amounts (0.05 to 0.7 U) of HindIII were added to each tube, equilibrated further for 15 min, and finally incubated at 37°C for 30 min to allow restriction digestion. The reactions were immediately stopped by adding 11 l of 0.5 M EDTA (pH 8.0).
Field inversion gel electrophoresis. Slurries of agarose gel plugs were loaded into the wells of a 1% agarose (Bio-Rad) gel in 0.5ϫ TBE or 1ϫ TAE buffer (40 mM Tris-HCl, 20 mM acetic acid, 1 mM EDTA [pH 8.3]). Electrophoresis was carried out by using the FIGE MAPPER apparatus (Bio-Rad) set at program 8, which separated DNA fragments in the 25-to 150-kb range. The initial current was 47 to 50 mA, and the run lasted 20 h. At completion, 0.5 g of an agarose gel piece containing HindIII-digested DNA ranging in size from 20 to 48 kb was cut out and treated with 6 U of Gelase (Epicenter) at 45°C. The released DNA was ready to be ligated to the cosmid vector.
Construction of cosmid library. Size-selected HindIII-digested genomic DNA fragments were ligated to the HindIII-digested and dephosphorylated cosmid vector pCC1 (Epicenter). Ligation products were packaged into lambda phage packaging extracts (Epicenter) and electroporated into E. coli EPI300 (Epicenter) according to the manufacturer's protocol. Transformed E. coli was plated onto LB-chloramphenicol plates (LB broth [3] in 1.5% Bacto agar containing chloramphenicol at 12.5 g/ml), and the colonies were picked and stored individually in wells of 9X12 microtiter plates supplemented with LB-chloramphenicol media.
Screening of cosmid library for aldouronate utilization genes. Pooled cultures from 300 transformants were screened for the presence of the aguA gene by PCR using the primers PF54 and PR569 (Table 1) . Cosmid DNA preparations from positive transformants were sequenced.
Preparation of mRNA. Typically, 8 ml of media in 125-ml flasks was each inoculated with a fresh colony of Paenibacillus sp. strain JDR-2, followed by incubation at 30°C with vigorous shaking at 240 rpm. Cells were collected by centrifugation when growth reached an OD 600 of 0.6, and RNA was isolated according to the method of Cheung et al. (5) . To remove residual genomic DNA in the resultant RNA fraction, DNase (Promega M610A) was added at 20 U/ml and digested at 37°C for 45 min. The DNase was then inactivated by mixing it with 5 volumes of GTC (4 M guanidine thiocyanate, 25 mM sodium acetate [pH 7.0], 0.1 M ␤-mercaptoethanol, 0.5% Sarkosyl). One volume of 1.0 M sodium acetate (pH 4.4), six volumes of water-saturated phenol, and one volume of chloroform were added and mixed. The mixtures were centrifuged to separate phases, the aqueous phases were transferred to separate tubes, and RNA fractions were precipitated the after addition of equal volumes of isopropanol. The RNA precipitates were further rinsed with 75% ethanol and dissolved in 100 l of water. The DNase treatment was repeated until there were no significant traces of genomic DNA-directed PCR products in the subsequent reverse transcription-PCRs (RT-PCRs).
RT-PCR. Real-time RT-PCR was performed in 16-l reactions, each containing 100 to 200 ng of RNA, 3.2 l of 0.25 M primer pair mixtures, and 8 l of 2ϫ iScript SYBR mix (Bio-Rad iScript). A typical reaction consisted of the following steps: (i) incubation with reverse transcriptase for 10 min at 58°C; (ii) melting for 3 min at 95°C; (iii) 45 cycles of 10 s at 95°C, 20 s at 58°C, and 20 s at 72°C; and (iv) one cycle of melting curve determination. The reactions were conducted in the Bio-Rad iCycler iQ real-time detection system. The primer pairs used for RNA transcript detection were rre178f and rre459r for yesN, sbp1081f and sbp1361r for yesM, agua1069f and agua1354r for aguA, xyl247f and xyl623r for xynA2, bex948f and bex1291r for xynB, and xynA1-2237f and xynA1-2503r for xynA1. The primer pairs for the flanking genes were amp10f and amp204r for the aminopeptidase gene and oxr535f and oxr774r for the oxidoreductase gene. The primer pair used for probing the readthrough transcript from ytcP to aguA were perm-agua791f and perm-agua81r (Table 1) . A total of 15,272 bp of cosmid VC2 was sequenced and submitted to GenBank (accession number EU024644).
RESULTS
Cosmid library analysis. The cosmid library was screened by PCR with degenerate primers PF54 and PR569. Two transformants, VC1 and VC2, each yielded aguA-specific PCR-generated fragments, as confirmed by nucleotide sequencing, and therefore contained the gene encoding ␣-glucuronidase. VC1 had a 28-kb insert, while VC2 had a 35-kb insert. Analyses by restriction digestion showed that VC1 and VC2 shared a ma- jority of fragments, indicating that they were from the same genomic region. Sequence organization of the aldouronate gene cluster in cosmid VC2. VC2 yielded the 486-bp aguA-specific product by PCR screening with primers PF54 and PR569. These primers were established as specific for the aguA gene identified and sequenced from genomic DNA derived from Paenibacillus sp. strain JDR-2 (17). Cosmid VC2 insert DNA was digested into smaller fragments which were then inserted into pUC19 to facilitate nucleotide sequencing. The results are shown in Fig. 1 .
Genes in this segment were identified by a BLAST search and defined by identification of open reading frames (ORFs). Central in this region is an aguA gene encoding a 687-aminoacid GH67 ␣-glucuronidase. This aguA gene was followed by a xynA2 gene encoding a 341-amino-acid protein with a GH10 endoxylanase catalytic domain. Following the xynA2 gene was a xynB gene encoding a 521-amino-acid protein, classified as ␤-xylosidase/arabinofuranosidase in the GH43 family. These three genes constituted a triad of structural genes expected to encode enzymes for the processing of the product generated by the anchored multimodular endoxylanase, XynA1, to xylose after assimilation by the cell.
Immediately 5Ј to this triad were three genes that are presumed to encode proteins that comprise an ABC transporter complex. The expected translated products from this triad include a substrate binding protein (556 amino acids), a lipoprotein (286 amino acids), and a permease protein (306 amino acids). Immediately 5Ј to the ABC transporter triad were genes capable of encoding a transcription regulation element made up of two proteins: a receiver protein of an AraC-type response regulator of 522 amino acids and a histidine kinase protein of 572 amino acids. An amino peptidase gene was located 349 bp upstream of the transcription regulation unit, while 285 bp downstream of the xynB gene was an NADHdependent flavin oxidoreductase gene.
Translation start sites of these genes were indicated by the presence of putative ribosome-binding sites (canonical sequence GGAGGG) (14) located 5 to 15 nucleotides 5Ј to the translation start sites ATG. These predicted protein products were compared to the archived sequences in GenBank. The genes encoding characterized proteins in the protein databases showing greatest similarity are summarized in Table 2 . The average GC content of DNA of Paenibacillus sp. JDR-2 sequenced thus far (ϳ33 kb) is 52%.
Identification of transcriptional regulatory elements in genes associated with utilization of methylglucuronoxylan. The BPROM program (Softberry) was used to locate bacterial promoters, and the high scoring transcription start sites were located at the 5Ј termini of genes potentially encoding YesN, the receiver protein of the response regulator; UgpB, the substrate binding protein of the ABC transporter; and AguA, the ␣-glucuronidase protein of the glycohydrolase triad in the aldouronate-gene cluster. The promoter 5Ј to YesN was identified as having the greatest potential of the cluster. The FindTerm program (Softberry) was used to locate the rhoindependent transcriptional stop sites. The transcriptional terminator upstream of yesN was located at 14 bp after the termination codon of the preceding amino peptidase gene and consisted of a 14/20-bp stem-9-bp loop, followed by a 7/8 AT stretch, and punctuated the beginning of the aldouronate utilization gene cluster. The site found downstream from xynB, consisting of a 13/14-bp stem-7-bp loop, followed by an 8/9 AT stretch, was located 16 bp after the termination codon for XynB and punctuated the end of the aldouronate utilization gene cluster. The same analyses applied to the xynA1 gene (23) identified a potential promoter immediately upstream. We also identified a stop site downstream from xynA1 located 1 bp after the termination codon and consisting of a 18/23-bp stem-4-bp loop, followed by a 4/7 AT stretch. The positions for different promoters and terminating sites are presented in Fig. 2 .
Transcriptional regulatory genes. The yesN and yesM genes together made up a two-component transcriptional regulation unit. Sequence homology analysis by CDD Search (www.ncbi .nlm.nih.gov/Structure/cdd) of yesN indicated that it coded for a response regulator protein containing a CheY-like receiver domain at the initial 121 amino acids at the amino terminus with Asp 55 as the phosphorylated residue and an AraC-type DNA-binding domain spanning residues 432 to 515 at the carboxyl terminus. We have designated this yesN since it was similar to the yesN gene of the gram-positive prototype organ- ABC-type transporter. The genes encoding the ABC-type transporter are found in the operon as a cassette of three ORFs. The first ORF in this cassette, lplA, encodes a protein similar to the substrate binding periplasmic component, UgpB, and identified by CDD Search to be at residues 38 to 384. The second coding sequence, lplB, codes for the transmembrane permease component, LplB, which spans the entire length of The percent identity is the number of residues of the major portion of the query protein identical to those of the subject protein as determined by the BLAST program (National Center for Biotechnology Information).
286 residues and contains the sequence motif EAA-X 3 -G-X 9 -I-X-LP (residues 179 to 198), located in a cytoplasmic loop at a distance of ϳ100 residues from the C terminus (20 Aldouronate processing functions. An aguA gene was identified encoding a GH67 ␣-glucuronidase with a calculated molecular mass of 77,876 Da and a pI of 5.4. This was the same aguA gene cloned and sequenced from genomic DNA and shown to encode a functional ␣-glucuronidase when expressed in E. coli (17) . The identities derived from GenBank entries of AguA proteins were as follows: 63% to Aeromonas punctata, 62% to Geobacillus stearothermophilus T-6, 61% to B. halodurans C-125, and 57% to C. cellulolyticum H10. This protein is highly conserved with respect to catalytic sites. Based upon alignment with the two bacterial GH67 ␣-glucuronidases of G. stearothermophilus T-6 and Cellvibrio japonicus, for which catalytic mechanisms have been elucidated (10, 15) A xynA2 gene follows aguA. The encoded XynA2 protein contains the catalytic domain of a GH10 endoxylanase spanning residues 10 to 332 of the 341 amino acids. Neither a signal sequence (determined by SignalP [2] ) nor any carbohydrate binding module (CBM) was found in the protein sequence. XynA2 has a calculated molecular mass of 39,457 Da and a calculated pI of 5.3 and showed 60 to 61% identity to catalytic domains of GH10 xylanases presumed to function as intracellular enzymes in other bacteria, e.g., G. stearothermophilus T-6 and Thermotoga maritima MSB8.
The last gene in this triad and the last gene in this aldouronate utilization cluster, xynB, encodes a protein of 521 amino acids with an internal family GH43 ␤-xylosidase/␣-arabinofuranosidase defined within residues 11 to 288. It did not have a signal peptide, had a calculated molecular mass of 57,783 Da, and had a calculated pI of 4.9. The encoded XynB protein sequence showed 40% identity to the XynB found in both Bacillus clausii KSM-K16 (gi:56962920) and Geobacillus thermoleovorans (gi:85717961).
Effects of xylan, glucose, and xylose on the relative levels of expression of aldouronate utilization genes. Analysis by realtime RT-PCR of the amount of mRNA produced under different growth conditions (Fig. 3) indicated coordinate induction and repression of expression of genes in this cluster, as well as expression of xynA1 encoding the secreted multimodular GH10 endoxylanase. When growing in only 0.5% yeast extract, all six genes (yesN, lplA, aguA, xynA2, xynB, and xynA1) were expressed, with aguA and xynB mRNAs being slightly more abundant. The levels of mRNA determined in cultures grown in 0.5% yeast extract-containing medium served as points of reference. When 0.5% xylan was added to the yeast extract-containing medium, expressions of the six genes were dramatically enhanced, from 18-fold in the case of the response regulator yesN to more than 200-fold in the case of the substrate binding protein lplA and the ␤-xylosidase xynB. In contrast, when 0.5% glucose was added to supplement yeast extract in the media instead of xylan, the relative levels of mRNA transcribed by the six monitored genes were all variously reduced to about two-thirds (67% for xynA2) and to as much as one-tenth (10% for aguA) of basal levels. The addition of 0.5% xylose, on the other hand, slightly induced expression, resulting in a 2.7-fold increase (xynA1) to a 19-fold increase (xynA2) over basal levels. In addition, by performing real-time RT-PCR with the primer pair perm-agua791f and permagua81r, readthrough transcripts from ytcP to aguA were also identified.
In separate experiments, analysis of the relative expressed amounts of the 5Ј gene (encoding a putative aminopeptidase) and the 3Ј gene (encoding a putative oxidoreductase) that flank the eight ORFs comprising the aldouronate utilization gene cluster showed modest variations in response to growth on different substrates, fluctuating from a threefold increase to a threefold decrease of transcripts.
Glucose repression and CcpA binding sites. In the real-time RT-PCR analyses, expressions of aldouronate utilization genes were reduced up to 10-fold for genes within the cluster and Ͼ3-fold for xynA1 outside this cluster when glucose was added to the culture medium containing yeast extract. Glucose catab- (26) salts medium, and 100 l of this suspension was added to each of four 8-ml portions of culture media in 250-ml baffle flasks containing 1ϫ Zucker-Hankin, 0.5% yeast extract, and either no additional substrate (p), 0.5% oat spelt xylan (2), 0.5% glucose (u), or 0.5% xylose (s). The cultures were incubated at 30°C at 225 rpm for 9 h to an OD 600 of 0.6. The cells were harvested, and RNA was prepared from each cell pellet. RNA (100 ng) was added to each 16-l real-time RT-PCR. At the end of the reaction, threshold cycle levels were converted to mRNA abundance by predetermined standardization of RT-PCR threshold cycles using genomic DNA concentration as a standard.
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on October 31, 2017 by guest http://jb.asm.org/ olite repression in G. stearothermophilus (6) led to the identification of a 14-base canonical sequence (cre motif) within or immediately preceding genes responsive to such transcription repression. With visual inspection of Paenibacillus sp. strain JDR-2 sequences and analysis with the Prokaryotic Promoter Prediction program, at least five such sequences were detected: a sequence 5Ј to the response regulator yesN, a second sequence 5Ј to lplA, a third sequence about 100 bp 3Ј from the translation start site of lplA, a fourth sequence 5Ј to xynA2, and a fifth sequence 5Ј to xynA 1 , the endoxylanase gene located distal to this cluster ( Table 3 ). The distribution of the CcpA binding sites, identified as cre sequences, were found in genes comprising the alduronate utilization cluster, as well as in xynA1, the gene encoding the secreted multimodular GH10 endoylanase (Fig. 2) .
DISCUSSION
Genomic organization and regulation of gene expression. Based upon similarities to orthologs defined in other bacteria, the ABC transporter located 5Ј to the aguA gene is most likely concerned with the import of oligoaldouronate substrate for intracellular degradation. Conners et al. (8) in a recent study of the ABC transporters in T. maritima concluded that ABC transporters for carbohydrate uptake are probably controlled by local regulators responsive to the transport substrate or a key metabolic degradation product. Shulami et al. (22) reported that the two-component response regulator and ABC transporter found upstream of the glycohydrolases (GH67 and GH52) in G. stearothermophilus T-6 regulated the expression of this cluster. The organization of the genes in Paenibacillus sp. strain JDR-2 encoding putative transcriptional regulators, transporter proteins, and glycohydrolases, as well as their coordinate regulation, is consistent with these interpretations. The identification of cre motifs within selected genes within each triad further defines the basis for this regulation.
Data from real-time RT-PCR analyses indicated the genes within the aldouronate utilization cluster in Paenibacillus sp. strain JDR-2 were regulated as a unit by the same transcription signals and were differentially expressed compared to the flanking genes encoding amino peptidase and oxidoreductase.
The coordinate expression of the aldouronate utilization gene cluster, along with the expression of the xynA1 gene encoding the multimodular and cell anchored GH10 endoxylanase, supports the case made earlier for the coupling of the depolymerization of methylglucuronoxylan with assimilation and processing of the product, MeGAX 3 (23) . The aldouronate utilization gene cluster, itself comprised of three potential operons coordinately responding to induction or repression (Fig. 2) , may thus be considered a regulon. The coordinate response of these genes with xynA1 expands the scope of this regulon to the function of methylglucuronoxylan or xylan utilization. Further definition of these processes awaits the development of transformation systems in Paenibacillus sp. strain JDR-2 or the expression of these systems in Bacillus spp. amenable to transformation.
Comparative genomic organizations of aldouronate utilization clusters. The organization of the aldouronate utilization gene clusters in bacteria that have been studied for this function is presented in Fig. 4 . Although there are parallels, as noted above, there are also salient differences. There were no nucleotide-binding domains identified in this Paenibacillus ABC transporter cassette. Neither were genes encoding ATPbinding proteins detected in the four ORFs that precede the aguA gene in G. stearothermophilus T-6, where the first two ORFs were identified as an interrupted substrate binding protein and the last two ORFs were identified as permeases (21) . It has been noted in different gram-positive bacteria that a single ATPase may serve more than one set of substrate-binding and membrane-associated proteins that comprise typical ABC transporter systems (19, 20) . In the case of T. maritima MSB8 (16) , where five ORFs were located adjacent to aguA, two ORFs were identified as genes encoding ATP-binding proteins and were located between genes encoding a substrate binding protein and two permeases.
Another feature distinguishing each of these aldouronate utilization clusters is the relationship to the secreted GH10 endoxylanase, as well as the structural properties of the GH10 endoxylanase itself. Both Paenibacillus sp. strain JDR-2 and T. maritima MSB8 secrete large multimodular enzymes that include CBMs, as well as the GH10 catalytic domain that is distinctive for its generation of the aldotetrauronate MeGAX 3 . Paenibacillus sp. strain JDR-2 secretes a 1,467-amino-acid endoxylanase comprised of three family 22 CBMs, followed by a GH10 catalytic domain, followed by a single family 9 CBM and triplicate surface layer homology domains (SLH) on the C terminus. This enzyme is cell bound, presumably anchored by the C-terminal SLH modules, and the MeGAX 3 and xylooligosaccharides are rapidly assimilated as they are released during depolymerization of methylglucuronoxylan (23) . The xynA1 gene encoding this enzyme is located distal from the aldouronate utilization gene cluster, since it is not found in cosmids containing 35-kb inserts that include the 14-kb aldouronate utilization cluster itself. T. maritima secretes a multimodular 1,059-amino-acid GH10 endoxylanase that contains two family 4 CBMs, followed by a GH10 catalytic domain and another two family 9 CBMs, but lacks SLH domains and has not been shown to be cell associated. The xynA1 gene encoding this enzyme is found adjacent to the permease gene for the ABC transporter, and its transcription is in a direction opposite for the genes encoding ABC transporter proteins and AguA. G. stearothermophilus T6 secretes a 407-amino-acid GH10 endoxylanase comprised of a catalytic domain and a 28-amino-acid signal peptide, lacking modules to associate with glucan or xylan polymers or to anchor the enzyme to the cell surface. The xynA1 gene encoding this enzyme is located near the aldouronate utilization cluster, separated by 10 genes most of which encode enzymes involved in glucuronate metabolism (21) . Evidence for coordinate expression of aldouronate utilization genes has been demonstrated but not for the expression of the xynA1 gene that encodes the secreted GH10 endoxylanase. An ortholog of the Paenibacillus xynA2, the third gene in the aldouronate utilization triad, is found also in the vicinity of gene clusters in T. maritima MSB8 and G. stearothermophilus that include orthologs of aguA. In G. stearothermophilus T6, the corresponding gene, xynA2, is located immediately upstream of the genes encoding the ABC transporter and AguA (Fig. 4) . This encodes a protein of 339 amino acids and is transcribed in the same direction as the transporter genes. However, a major transcriptional termination site functionally delineates this gene from transporter genes and aguA located immediately downstream (21) . An ortholog, xynB (TM0070), encoding a protein of 347 amino acids, is located in the genome of T. maritima MSB8 at a position 17.4 kb from aguA (TM0055), separated by 14 intervening genes. The xynA2 of Paenibacillus sp. strain JDR encodes a GH10 endoxylanase that cleaves the xylotriose molecule to xylose and xylobiose, where xylotriose is a product of the hydrolysis of MeGAX 3 by ␣-glucuronidase encoded by the adjacent aguA gene (17; unpublished data).
Development of bacteria for bioconversion of methylglucuronoxylan. The rapid and complete utilization of methylglucuronoxylan, along with the synchronized induction and repression of the genes comprising the xylan utilization regulon, supports further development of Paenibacillus sp. strain JDR-2 for the direct conversion of methylglucuronoxylan to biobased products. Growth under conditions of oxygen limitation allows formation of acetate, ethanol, lactate, and succinate. Paenibacillus sp. strain JDR-2 isolate has been approved for complete genome sequencing by the DOE Joint Genome Institute. From this we expect to gain further insight into the metabolic potential of this bacterium, both for the depolymerization and assimilation of polysaccharides comprising cellulosic biomass and for the conversion of carbohydrate components to specific products.
The compact configuration of the aldouronate utilization gene cluster from Paenibacillus sp. strain JDR-2 and its coordinate control recommend it as a cassette for the transformation of other gram-positive bacteria that have been or may be developed for efficient fermentation of xylose. Additional transformation with the xynA1 gene encoding the multimodular GH10 endoxylanase may provide the products for assimilation and subsequent metabolism. The presence of CBMs for interaction with cellulosic polysaccharides and surface layer homology domains that anchor the catalytic domain and associated substrates to the surface of the cell generate products that are in turn rapidly assimilated into the cell. The collective properties that allow extracellular depolymerization, assimilation, and metabolism are presumably the basis for the aggressive xylanolytic activity of Paenibacillus sp. strain JDR-2. Through genetic engineering, gram-positive bacterial biocatalysts may then be developed for the digestion and vectorial conversion of the hemicellulose fraction of cellulosic resources to renewable fuels and chemicals. 
